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Recent results from the CDF Collaboration indicate that the top-pair forward-backward asym-
metry is largest in regions of high rapidity difference |∆y| and invariant mass Mtt¯. We show that
experimental observations can be explained by our previously proposed Asymmetric Left-Right
Model (ALRM). The gauge symmetry U ′(1) × SU ′(2) × SU(2) is broken by a triplet Higgs in the
primed sector. The W ′ boson has a (t, d) right-handed coupling and the Z′ boson has diagonal
fermion couplings. We determine the model parameters to be MW ′ = 700 GeV, MZ′ = 1 TeV, and
charged current coupling g′2 = 3. The W
′ and Z′ total decay widths are of O(100 GeV). The signals
from Z′ → tt¯ and W ′ → tb at the LHC will test the model.
PACS numbers: 12.10.Dm, 13.85.Ni, 14.65.Ha
I. INTRODUCTION
The top-pair forward-backward asymmetry at the Tevatron collider by the CDF collaboration [1] has generated
much interest [2] as a possible harbinger of new physics. At lowest order in the SM, the top-pair production is
symmetric under charge conjugation. A small forward-backward asymmetry of AFB = 0.06 ± 0.01 [3] in the tt¯ rest-
frame arises through the interference of NLO QCD processes that differ under charge conjugation. Recent results
from the CDF Collaboration [4] using a data set of 5.3 fb−1 show that the forward-backward asymmetry in top pair
production AFB still deviates from SM predictions and, furthermore, is mass-dependent. In particular, the asymmetry
is most prominent in regions of high rapidity difference |∆y| > 1 and large invariant mass Mtt¯ > 450 GeV, where
there are 2σ and 3σ deviations, respectively, from NLO predictions. Such a distribution is a generic feature in the
t-channel exchange of a particle [5] [6] [7][8]. In our previous work [6], we proposed an Asymmetric Left-Right Model
(ALRM) based on the gauge symmetry U ′(1) × SU ′(2) × SU(2). This model has electroweak W ′ and Z ′ bosons in
addition to the W and Z of the SM. In that work, we did not assume a specific Higgs mechanism, but treated the W ′
and Z ′ masses to be independent parameters. In the present paper, we assume that the primed gauge group is broken
by the neutral member of a triplet Higgs sector by a vacuum expectation value (vev) v′. The SM electroweak gauge
group is broken as usual by the vev v of the neutral member of the SM Higgs doublet. In the ALRM, the W ′ boson
has a (t, d) right-handed coupling with coupling g′2 and the Z
′ boson has diagonal fermion couplings. We determine
the model parameters from the CDF data to be MW ′ = 700 GeV, MZ′ = 1 TeV, and g
′
2 = 3. The W
′ and Z ′ total
decay widths are then of O(100 GeV).
We begin with an overview of the ALRM and then discuss the symmetry breaking in Section II. In Section III, we
calculate the forward-backward asymmetry AFB as functions of |∆y| and Mtt¯ and compare our results with the CDF
data. In Section IV, we evaluate signals of the ALRM at the LHC. The signals at the LHC from Z ′,W ′ production
and their Z ′ → tt¯, W ′ → tb decays can definitively test this model interpretation of the CDF top asymmetry data.
We end with our conclusions in Section V.
II. ASYMMETRIC LEFT-RIGHT MODEL
The ALRM begins with the gauge group U ′(1) × SU ′(2) × SU(2). The unprimed SU(2) acts on the usual SM
left-handed quark doublets. The primed SU ′(2) applies to the right-handed doublet (t, d)TR in an unconventional
grouping.
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2The gauge symmetries are broken sequentially, starting with U ′(1)× SU ′(2)→ UY to obtain the SM hypercharge
Y
2 = T
′
3 +
Y ′
2 , and then UY (1)×SU(2)→ UEM to obtain Q = T3 + Y2 . By using this sequential approximation to the
breaking, we preserve the SM interaction.
After symmetry breaking, there are massive Z ′ and W ′± bosons in addition to the usual weak bosons. The W ′± have
a Z ′W ′W ′ tri-gauge boson coupling given by g′22 /
√
g′2 + g′21 , which is of order O(1). In order to preserve unitarity,
the SM Z also appears in the vertex ZW ′+W ′− with coupling −e tan θW . Additional massive fermions will be needed
for anomaly cancellation.
Our results are derived by making two successive rotations of gauge boson states. First, we make the rotation
B = (g′2B
′ + g′1W
′3)/
√
g′1
2 + g′22 , Z
′ = (−g′1B′ + g′2W ′3)/
√
g′1
2 + g′22 . (1)
Then the couplings to the generators become
g′1
Y ′
2
B′ + g′2T
′
3W
′
3 =
 g′1g′2√
g′1
2 + g′22
 Y
2
B +
√
g′21 + g
′2
2
(
T ′3 −
g′21
Y
2
g′21 + g
′2
2
)
Z ′ . (2)
Subsequently, we perform the usual SM rotation from the basis of B,W 3 to the basis of A,Z. To simplify the
expressions, we denote g′ =
√
g′22 + g
′2
1 . The SM hypercharge coupling is g1 = g
′
1g
′
2/g
′ = e/cW , and the SM SU(2)
coupling is g2 = e/sW . It is also useful to note that g
′
1 = (c
2
W /e
2 − g′−22 )−
1
2 .
A. W ′, Z′ Mass Relation
We assume that the Higgs mechanism is due to the condensate of a primed Higgs triplet with T ′ = 1, which is
denoted as φ′ with its vev as (0, 0, v′/
√
2)T . Using a Higgs triplet allows for a larger mass gap between the Z ′ and
W ′ bosons than a Higgs doublet. Therefore,
1
2M
2
Z′ = 〈φ′†(g′T ′3)2φ′〉 , MZ′ = g′v′ (3)
and
M2W ′ = 〈φ′†T ′−(g2/
√
2)2T ′+φ
′〉 , MW ′ = 1√2g
′
2v
′ . (4)
The two-stage approximation is justified by MZ′ ,MW ′ MZ ,MW . Thus,
MW ′
MZ′
=
g′2√
2g′
=
√
g′22 − e2/c2W
2g′22
(5)
A search by CDF in the muon-pair channel established a lower bound of MZ′ > 1051 GeV for a Z
′ with SM
couplings [9]. Dijet searches have placed exclusion limits of 320 < MZ′ < 740 GeV, again with SM coupling of the
Z ′ [10]. For our Z ′, with g′2 = 3, the dimuon limit is MZ′ >∼ 500 GeV while the dijets do not limit MZ′ . We plot the
relationship between MW ′ , MZ′ , and g
′
2 in Fig.1. Numerically, we use e
2 = 4piα(MZ) = 0.30 and c
2
W = 1−0.23 = 0.77.
After accounting for constraints from experimental data, we use MW ′ = 700 GeV, MZ′ = 1 TeV and g
′
2 = 3 as our
benchmark point. Note that for g′2 > 1, the MW ′/MZ′ ratio is relatively insensitive to the value of g
′
2 and it is
approximately given by the large g′2 limit of MW ′ = MZ′/
√
2.
B. W ′ and Z′ decays
For MW ′ = 700 GeV and g
′
2 = 3, the width for W
′ decay is
Γ(W ′ → td¯) = g
′2
2
(16pi)
MW ′
(
1− 3m
2
t
2M2W ′
+
m6t
2M6W ′
)
= 114 GeV. (6)
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FIG. 1: Dependence of MW ′ on g
′
2 and MZ′ . The relationship is given by Eq. 5
For MZ′ = 1 TeV and g
′
1 = 0.35, the partial widths for the Z
′ decays are
Γ(Z ′ → dd¯) =
[(
g′21
6g′
)2
+
(
g′21
3g′
− g
′
2
)2]
MZ′
8pi
= 89 GeV (7)
Γ(Z ′ → tt¯) = MZ′
64pi
[(
g′ − 5g
′2
1
3g′
)2(
1 +
2m2t
M2Z′
)
+
(
g′ − g
′2
1
g′
)2(
1− 4m
2
t
M2Z′
)]
(8)
×
√
1− 4m
2
t
M2Z′
= 79 GeV
Γ(Z ′ → ll¯) =
(
3g′21
2g′
)2
MZ′
8pi
= 0.1 GeV (9)
Γ(Z ′ → uu¯) =
(
5g′21
6g′
)2
MZ′
8pi
= 0.04 GeV (10)
Γ(Z ′ → νν¯) =
(
g′21
2g′
)2
MZ′
8pi
= 0.01 GeV (11)
4The total Z ′ width is ΓZ′ = 168 GeV. The variation of the Z ′ width with sˆ will be approximated in our calculations of
Z ′ production by the prescription M2Z′ → sˆ, where sˆ is the subprocess CM energy. The branching ratios to a top-pair
and leptons are
BR(Z ′ → tt¯) = 0.5 (12)
BR(Z ′ → ll¯) = 6.0× 10−4 (13)
where l is the sum of e, µ, and τ modes in the width. The small leptonic width of the Z ′ along with a broad total
width makes its detection in the Drell-Yan lepton channel difficult.
III. RESULTS
The asymmetry AFB in the pp¯ center-of-mass frame is defined as
AFB =
N(∆y > 0)−N(∆y < 0)
N(∆y > 0) +N(∆y < 0)
(14)
where ∆y = yt − yt¯ is the difference in rapidities of the top and anti-top quark. We implemented the ALRM in
MadGraph/MadEvent 4.4.44 [11], using CTEQ6.6M parton distribution functions [12] with factorization and renor-
malization scales µF = µR = mt [13]. We took mt = 173.1 GeV [14][15] and applied a uniform SM K-factor of
K = 1.3 to approximate the higher order QCD corrections for (NNLOapprox.)/(LO) as shown in [16].
We calculate the total cross-section σ(tt¯), total AFB , as well as AFB in |∆y| < 1, |∆y| > 1, Mtt¯ < 450 GeV and
450 < Mtt¯ < 800 GeV for various values of g
′
2 and MW ′ . We compare our results to the latest experimental results
from the CDF collaboration [4] in Table I and in Figs.23(a),3(b). We find that the values of g′2 = 3, MW ′ = 700, and
MZ′ = 1 TeV provides an overall description of the data (see Table II). Alternate values of MW ′ and g
′
2 allow for a
closer match in the high invariant mass bin at the expense of consistency with the measured cross-section. We do
not attempt a global fit to the data since there are correlations amongst the experimental distributions. The exact
diagonalization of the weak boson mass matrices and radiative corrections to MW ′ may help alleviate this tension.
We examine the dependence of AFB on Mtt¯ in Fig.4. The shape of the curve is dominated by the Z
′ contribution to
the dRd¯R → tt¯ subprocess, as shown in Fig. 5. The structure function product [xd(x)]2 has a maximum at Mtt¯ = 300
GeV.
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FIG. 2: dσ/dMtt¯ distribution of CDF data(points with uncertainties) vs. ALRM (solid histograms) for the model benchmark
point of g′2 = 3.0, MW ′ = 700 GeV, and MZ′ = 1 TeV.
5TABLE I: ALRM predictions for the tt¯ total cross-section σ(tt¯), the forward-backward asymmetry in the pp¯ CM frame (AFB),
and the cross-sections for the specified ranges of rapidity differences ∆y and Mtt¯ invariant mass ranges. MZ′ is determined by
Eq.5. A QCD correction factor K = 1.3 is included in the cross-section calculation. The ALRM asymmetry numbers are the
new physics contributions only and do not include the SM QCD contribution, so they should be compared with the final row
in the table. The SM values are based on the MCFM study of Ref.[18]. The last row is the New Physics (NP) contribution
inferred from the differences of data and SM entries.
AFB AFB AFB AFB
g′2 MW ′ [GeV] σ(tt¯) [pb] AFB Mtt¯ < 450 GeV 450 < Mtt¯ < 800 GeV |∆y| < 1 |∆y| > 1
3.0 700 8.45 0.06 -0.01 0.136 0.03 0.14
3.5 700 9.05 0.11 0.01 0.22 0.06 0.26
3.5 650 9.8 0.16 0.03 0.26 0.06 0.36
3.0 550 10.4 0.22 0.04 0.33 0.09 0.42
2.5 500 10.5 0.19 0.003 0.32 0.07 0.40
Data [4][19] 7.70± 0.52 0.158± 0.074 −0.116± 0.153 0.475± 0.122 0.026± 0.118 0.611± 0.256
SM 7.45+0.72−0.63 0.058± 0.009 0.04± 0.006 0.088± 0.0013 0.039± 0.006 0.123± 0.018
NP – 0.100± 0.074 −0.156± 0.147 0.387± 0.121 0.387± 0.112 0.488± 0.257
TABLE II: χ2/d.o.f. values for various g′2 and MW ′ mass values using AFB in the 7 Mtt¯ bins and the total cross-section σ(tt¯).
We have included a K−factor of 1.3 for σ(tt¯).
g′2 MW ′ [GeV] χ
2 (Att¯FB)/bin χ
2 (σ(tt¯))
3.0 700 1.8 2.0
3.5 700 1.2 6.8
3.5 650 1.4 15.2
3.0 550 1.3 27.8
IV. PREDICTIONS AT THE LHC
A. Z’ signatures
The Z ′ in the ALRM with ∼ 1 TeV mass and ∼ 200 GeV width provides a promising route for early LHC discovery
or exclusion. The tt¯ invariant mass distribution should show a prominent broad peak at the Z ′ mass [17] and an
excess of events compared to the SM, as illustrated in Fig. 6. The golden signal of dileptons in the usual Z ′ searches
will be difficult to utilize for the ALRM Z ′ due to its small leptonic branching fraction.
B. W’ signatures
The detection of the W ′ boson with decays to td¯, t¯d will provide the definitive evidence for the extra SU ′(2)
symmetry. The subprocess for W ′ production is d+ g → t+W ′. The cross sections for W ′ production in the ALRM
are shown in Fig.6. The energy dependence of the tW ′ process is shown in Fig. 7. This new physics contribution to
inclusive tt¯ production is about 5% of the SM cross section.
The search for a W ′ at the LHC has been discussed in Refs. [6][20],[21]. The strategy for the determination of the
chiral couplings of a generic W ′ that is produced as an s−channel resonance and decays to tb¯ was demonstrated in
Ref.[21], but this process does not exist for the W ′ in the ALRM. A test of the right-handed nature of the W ′ of the
ALRM must be made in the process pp→ tW ′ → t(t¯d) which is considerably more difficult because of the ambiguity
in reconstruction with two tops in the final state.
C. Triplet Higgs
We have assumed a complex triplet Higgs field φ′(T ′ = 1, Y ′/2 = 1) in order to generate a large mass splitting of
the W ′ and Z ′ bosons of the ALRM. Thereby, the W ′ can be sufficiently light to explain the asymmetry data, while
the Z ′ can be sufficiently heavy to escape the Z ′ mass bounds in the tt¯ channel at the Tevatron. The φ′ has no SM
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FIG. 3: Comparison of CDF data vs. ALRM predictions in (a) ∆y distribution and (b) AFB in the pp¯ CM frame vs. Mtt¯ for
the model benchmark point of g′2 = 3, MW ′ = 700 GeV, and MZ′ = 1 TeV. The points with the uncertainties are the CDF
measurements and the solid histograms are the ALRM predictions including the SM QCD contribution.
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FIG. 4: The asymmetry in the tt¯ CM frame vs. the invariant tt¯ mass in the ALRM for g′2 = 3.0, MW ′ = 700 GeV, and MZ′ = 1
TeV. The decrease in AFB above 1 TeV is due to the dominance of the Z
′ contribution to the cross-section.
couplings. The physical states of the Higgs triplet are (χ++, χ+, χ0). The detection of Higgs triplet states in hadronic
collisions has been discussed in the literature (see Ref e.g. [22]), but not for a model like the ALRM where the triplet
Higgs states only couple to pairs of W’ or Z’ bosons. The tell-tale signature for a complex Higgs triplet is its doubly
charged members χ++ and χ−−, which will decay to W ′W ′. However, their production will require the W ′W ′ fusion
process, which will be suppressed by the high W ′ mass and by the presence of two top quarks from the d → tW ′
transitions in the primary fusion process. SLHC energies are likely to be necessary to study this channel.
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FIG. 5: Individual contributions to dRd¯R → tt¯ at a CM scattering angle of 30o. We plot the magnitude of the interference
term. The Z′ contribution dominates the subprocess in the 1 TeV region. The parton distributions emphasize the low sˆ region.
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FIG. 6: Mtt¯ distributions at the LHC for pp→ tt¯+X at 7 and 14 TeV. There is a Z′ resonance peak at MZ′ ∼ 1 TeV as well
as an excess in higher mass bins for the ALRM as compared to the SM.
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FIG. 7: σ(pp→ tt¯+X) [pb] vs. √s [TeV] for the SM and ALRM at the LHC. Also plotted is the new physics cross-section for
pp→ tW ′ +X.
V. CONCLUSIONS
The measurement by the CDF collaboration of the forward-backward asymmetry (AFB) of tt¯ pairs exceeds the
SM expectation and could be smoking gun evidence of new physics. A number of theoretical scenarios have been
considered to explain the anomalous asymmetry. Our proposal is a new gauge symmetry U ′(1) × SU ′(2) × SU(2),
which is broken to the SM by the neutral member of a complex Higgs triplet field. We show that the predicted AFB
in this model tracks the data in a AFB vs. Mtt¯ plot, with a AFB that grows with Mtt¯ over the CDF range. The
characteristics of the CDF measurements of AFB , the Mtt¯ distribution, the rapidty difference, and the total tt¯ cross
section can be reproduced. The preferred masses are MW ′ = 700 GeV and MZ′ = 1 TeV. The W
′ has a right handed
(t, d) coupling and the Z ′ is coupled mainly to tt¯ and dd¯. The discovery of the Z ′ with large tt¯ and dd¯ couplings at
the LHC should be possible with early LHC data and will definitively test our proposed SU ′(2) gauge symmetry. A
recent paper [23] has investigated the implications of flavor violation in the ALRM with maximal mixing of (t, d)R
and (u, b)R doublets. They find consistency with the constraints of flavor physics
VI. ACKNOWLEDGMENTS
The authors would like to thank Martin Schmaltz and Christian Spethmann for stimulating correspondence. V.B.
thanks the University of Hawaii for hospitality. W.-Y. K. thanks BNL for hospitality. This work was supported in
part by the U.S. Department of Energy under grants Nos. DE-FG02-95ER40896 and DE-FG02-84ER40173. C.-T.
Yu is supported by the National Science Foundation.
[1] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 101, 202001 (2008) [arXiv: 0806.2472 [hep-ex]]
[2] P. Frampton, J. Shu, and K. Wang, Phys. Lett. B 683, 294-297 (2010) [arXiv:0911.2955 [hep-ph]], J. Shu, T. Tait, and K.
Wang, Phys. Rev. D 81, 034012 (2010) [arXiv:0911.3237 [hep-ph]], S. Jung, H. Murayama, A. Pierce, and J. Wells, Phys.
Rev. D 81, 015004 (2010) [arXiv:0907.4112 [hep-ph]], K. Cheung, W.Y. Keung, and T.C. Yuan, Phys. Lett. B 682, 287
(2009) [arXiv:0908.2589 [hep-ph]], J. Cao, Z. Heng, L. Wu and J. M. Yang, Phys. Rev. D 81,014016 (2010) [arXiv:0912.1447
[hep-ph]]. D. W. Jung, P. Ko, J. S. Lee and S. H. Nam, [arXiv:0912.1105 [hep-ph]]. I. Dorsner, S. Fajfer, J. F. Kamenik and
N. Kosnik, Phys. Rev. D 81, 055009 (2010) [arXiv:0912.0972 [hep-ph]]. P. Ferrario and G. Rodrigo, JHEP 1002:051 (2010)
[arXiv:0912.0687 [hep-ph]]. A. Arhrib, R. Benbrik and C. H. Chen, [arXiv:0911.4875]. Q.H. Cao, D. McKeen, J.L. Rosner,
G. Shaughnessy, C.E.M. Wagner, [arXiv:1003:3461 [hep-ph]] M. Bauer, F. Goertz, U. Haisch, T. Pfoh and S. Westhoff,
JHEP 1011, 039 (2010) [arXiv:1008.0742 [hep-ph]]. C. H. Chen, G. Cvetic and C. S. Kim, Phys. Lett. B 694, 393 (2011)
[arXiv:1009.4165 [hep-ph]]. D. W. Jung, P. Ko and J. S. Lee, arXiv:1011.5976 [hep-ph]. J. Cao, L. Wang, L. Wu and
J. M. Yang, [arXiv:1101.4456 [hep-ph]] Y. Bai, J. L. Hewett, J. Kaplan, and T. G. Rizzo, [arXiv:1101:5203[hep-ph]] E.
9Berger, Q.-H. Cao, C.-R. Chen, C.S. Li, and H. Zhang, [arXiv: 1101.5625 [hep-ph]] C. Delaunay, O. Gedalia, S.J. Lee, G.
Perez, and E. Ponton, [arXiv:1101:2902 [hep-ph]]
[3] L.G. Almeida, G.F. Sterman and W. Vogelsang, Phys. Rev. D 78, 014008 (2008), O. Antunano, J.H. Kuhn and G.V.
Rodrigo, Phys. Rev. D 77, 014003 (2008), M.T. Bowen, S.D. Ellis and D. Rainwater, Phys. Rev. D 73, 014008 (2006)
[4] T. Aaltonen et al. [CDF Collaboration], (2010) [arXiv:1101.0034 [hep-ex]]
[5] K. Cheung and T.C. Yuan, [arXiv:1101.1445 [hep-ph]]
[6] V. Barger, W. Y. Keung and C. T. Yu, Phys. Rev. D 81, 113009 (2010) [arXiv:1002.1048 [hep-ph]].
[7] J. Shu, T. Tait, and K. Wang, Phys. Rev. D 81, 034012 (2010) [arXiv:0911.3237 [hep-ph]],
[8] S. Jung, H. Murayama, A. Pierce, and J. Wells, Phys. Rev. D 81, 015004 (2010) [arXiv:0907.4112 [hep-ph]]
[9] T. Aaltonen et al. [CDF Collaboration], [arXiv:1101.4578 [hep-ex]]
[10] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 79, 112002 (2009) [arXiv:0812.4036 [hep-ex]].
[11] J. Alwall et al., JHEP 09, 028 (2007) [arXiv:0706.2334 [hep-ph]]
[12] P.M. Nadolsky et al., Phys. Rev. D 78, 013004 (2008) [arXiv:0802.0007 [hep-ph]]
[13] K. Melnikov and M. Schulze, JHEP 08, 049 (2009) [arXiv:0907.3090 [hep-ph]]
[14] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667 No.1, 1 (2008)
[15] Tevatron Electroweak Working Group, CDF and D0 Collaborations, FERMILAB-TM-2427-E, TEVEWWG-TOP-2009-03,
CDF-NOTE-9717, D0-NOTE-5899 [arXiv:0903.2503 [hep-ex]]
[16] N. Kidonakis and R. Vogt, Phys. Rev. D 78, 074005 (2008) [arXiv:0805.3844 [hep-ph]]
[17] V. Barger, T. Han and D. G. E. Walker, Phys. Rev. Lett. 100, 031801 (2008) [arXiv:hep-ph/0612016].
[18] Monte Carlo for FeMtobarn processes: http://mcfm.fnal.gov
[19] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 105, 012001 (2010) [arXiv:1004.3224 [hep-ex]].
[20] M. Schmaltz and C. Spethmann, [arXiv:1011.5918 [hep-ph]].
[21] S. Gopalakrishna, T. Han, I. Lewis, Z. G. Si and Y. F. Zhou, Phys. Rev. D 82, 115020 (2010) [arXiv:1008.3508 [hep-ph]].
[22] S. Godfrey and K. Moats, Phys. Rev. D 81, 075026 (2010) [arXiv:1003.3033 [hep-ph]].
[23] J. Shelton and K. Zurek, [arXiv:1101.5392 [hep-ph]]
